Introduction
Of the currently available separation techniques, capillary electrophoresis (CE) is capable of a much higher resolution than that which can be achieved by high performance liquid chromatography (HPLC). A serious problem with CE is its poor sensitivity, due to the small inner diameter of the capillary used in the technique. The path length of the detection cell for an HPLC absorption detector is typically 1 cm, while the inner diameter of a capillary used in CE is typically less than 100 µm. Therefore, in the case of an absorption detector, the sensitivity of CE is at least 100-times poorer than that of HPLC. The absolute amount injected into the capillary is smaller than that for HPLC because of its small injection volume. However, the concentration limit of detection is still higher in CE, compared to HPLC.
Several investigations have been reported on improvements in the sensitivity of CE by designing new detection cells with a long path length 1 and the use of on-column concentration methods. [2] [3] [4] [5] In a different approach to this problem, we previously reported on a new sensitive method, Hadamard transform capillary electrophoresis (HTCE), which significantly improves the sensitivity of CE by using a multiple sample injection followed by a mathematical calculation, a Hadamard transformation. [6] [7] [8] [9] Detection schemes using mathematical treatments, such as Shah convolution Fourier transform electrophoresis [10] [11] [12] [13] [14] and cross correlation electrophoresis, 15, 16 have also been reported. However, all of these methods require a unique separation channel or injection device fabricated by microfabrication techniques, which is still inconvenient due to the high cost of the microchip products. The experimental HTCE setup is almost similar to a standard laser-induced fluorescence (LIF) detector and, as a result, is easily constructed by minor modifications of a LIF detector.
In HTCE, the sample molecules are introduced into a separation capillary by an optically gated injection method. In this injection method, the background fluorescence intensity is affected by the output power of a gating laser, which decomposes the fluorescent molecules.
Therefore, the background fluorescence would be expected to decrease with increasing output power of the gating laser. In the present work, the effect of laser power on the limit of detection in HTCE was investigated. Two lasers, a relatively high-power laser and a low-power laser, were used for the gating and probe lasers, respectively. The output power of each laser was varied for optimization of the experimental conditions. In addition, a dichroic mirror was placed in the optical pathway of the probe laser to exclude other lines of the laser light. After optimization of the experimental conditions, the concentration limit of the detection for fluorescein ion was 100 fM, five-times lower than previously reported. 
Experimental

Apparatus
The experimental setup for the HTCE is essentially the same as that reported previously, 8 except for minor changes: two argon-ion lasers (Model GLG3070 (488 nm; 5 -17 mW, Nippon Electric Company, Tokyo, Japan) and Model GLG3200 (488 nm; 50 -150 mW, Nippon Electric Company, Tokyo, Japan)) were used for the probe and gating lasers, respectively. The probe laser beam was passed through a dichroic mirror (488 nm; band width, 3.0 nm; SIGMA KOKI, Saitama, Japan), and then focused by an objective lens onto the detection window of the capillary (total length, 14 cm; effective length, 4.5 cm; 25 µm i.d., 375 µm o.d.; GL Sciences Inc., Tokyo, Japan). The gating beam was directly focused onto the injection window of the capillary after passing through an optical shutter (F77-4; Suruga Seiki, Shizuoka, Japan A concentration detection limit of 100 fM was achieved for the fluorescein ion by improving the experimental setup used for Hadamard transform capillary electrophoresis. Two argon-ion lasers, a gating laser for sample injection and a probe laser for the excitation of analyte molecules, were employed for the efficient photodegradation of analyte molecules in laser-induced fluorescence detection using an optically gated sample-injection method. In addition, a dichroic mirror, located in the pathway of the probe laser was used to exclude the other lines of the argon-ion laser. Using a Hadamard matrix on the order of 2046, the concentration limit of detection for fluorescein ion was determined to be 100 fM at S/N = 3, in which the average number of molecules in a single injection volume was calculated to be 27. The influences of the output power in both the gating and probe lasers on the sensitivity are also discussed. modulated by a controller (F77-6; Suruga Seiki, Shizuoka, Japan), interfaced with a personal computer (PC9801 RX; Nippon Electric Company, Tokyo, Japan). When the shutter was opened, a light-absorbing analyte was photodegraded by strong irradiation from the gating laser beam. Thus, the sample was injected only when the shutter was closed. The sample was injected according to a pseudorandom sequence based on a cyclic S-matrix consisting of "1" or "0" in the Hadamard transformation. The time for data sampling was adjusted to be equal to the injection time (0.5 s) of a single element in the pseudorandom sequence for a Hadamard transformation. A 2046 order of the matrix was made by employing a method using maximal length shift-register sequences. 17 
Reagents
All of the reagents used in this study were of analytical grade. Sodium hydroxide was purchased from Kishida Chemical Company (Osaka, Japan). All other reagents were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Deionized water was prepared by means of an Elix PurifiedWater System (Millipore Co. Ltd., Molsheim, France). A carbonate buffer solution was prepared by dissolving sodium hydrogencarbonate in deionized water and by adjusting the pH with a sodium hydroxide solution. A stock solution of sodium fluorescein was prepared by dissolving 0.037 g of sodium fluorescein in 100 mL of water (1.0 mM). This solution was further diluted with 30 mM carbonate buffer (pH 9.2).
Results and Discussion
To enhance the sensitivity, it is essential to decrease the magnitude of noise in the background signal. In the case of the optically gated sample-injection method, it is expected that the power of the gating beam affects the magnitude of the noise. According to results reported by Monnig and Jorgenson, more than 70% of the fluorescein ions could be photolyzed by a gating beam power of 150 mW. 18 However, a further increase in the laser power was less effective in degrading the fluorescein ion. The gating and probe laser powers were independently varied up to the maximum value in this study. The relationship between the fluorescence intensities of the background signal and the peak for fluorescein ion on the power of the gating laser is shown in Fig. 1 . A single-injection method (0.5 s injection) was employed, as shown in Fig. 1 . As the gating laser power was increased, the peak intensity was enhanced up to a level of 100 mW. At gating laser powers above 100 mW, no significant decrease in the background signal was observed, while the peak intensity increased slightly. The sum of the intensities of the background and analyte, a value that should be constant because the concentration of fluorescein ion is constant, increases slightly with increasing laser power, as shown in Fig. 1 . This can be attributed to scattered light from the intense gating laser beam. Thus, the background signal includes the signal from unbleached fluorescein ion and the scattered light from the gating laser. When a constant power was used for the gating beam, the peak intensity was nearly constant at more than 10 mW of the probe beam. As shown in Fig. 1 , the sensitivity appeared to be improved when a high-power gating beam was used. Therefore, the limit of detection in HTCE was evaluated using the maximum power of the gating laser. Figure 2 shows an electropherogram obtained by the singleinjection method (A) and an inverse Hadamard transform of an electropherogram obtained by a multiple-injection method based on the Hadamard transformation (B). The concentration of fluorescein ion was adjusted to 100 fM. No peak can be observed in Fig. 2(A) , while a peak was clearly detected with a S/N of 3.2, as shown in Fig. 2(B) . In Fig. 2(A) , the calculated standard deviation of the background signal is given as 0.26 mV. In Fig. 2(B) , the peak intensity of the analyte is 0.037 mV, which should be equal to that obtained by the single-injection method. Therefore, it is clearly unfeasible to detect fluorescein ion by the single-injection method, since the peak intensity of the analyte is much smaller than the standard deviation of the background signal. The standard deviation of the background signal was reduced to 0.0058 mV, as shown in Fig. 2(B) . We previously reported a concentration detection limit of 500 fM. Therefore, a 5-fold improvement in the concentration limit of detection could be achieved when a dichroic mirror and the maximum power of the gating laser were used. The injection volume introduced by a single segment of the injections was estimated to be 0.44 nl, which could be calculated from the migration time of fluorescein ion and the injection time. As a result, the number of molecules in the injection volume was calculated to be 27 (concentration, 100 fM; injection volume, 0.44 nl). Consequently, several tens of molecules can be determined using this technique. Further improvements in the detection system would allow counting of the molecules. The limitation of the present method is that it is applicable only to fluorescent molecules, which are easily photodegraded by lasers. However, ultratrace analysis, which cannot be detected by a conventional detection method, can be realized by a simple modification of the instrument. Currently, applications to capillary electrophoresis immunoassay are in progress in our laboratory.
